In the paper an analysis of the Direct Field Control of induction motor drive with broken rotor bars is presented. A drive system with and without a mechanical speed sensor is analyzed. In the sensorless induction motor (IM) drive the rotor flux and speed is reconstructed with the use of a MRAS CC estimator, where the induction motor is used as a reference model. The stator current estimator and current model of the rotor flux are used as adapted models. Most of the speed estimators used in sensorless drives are sensitive to motor parameter changes, especially to the rotor resistance changes. The proposed MRAS CC estimator is very robust to all motor parameter changes, hence it should work properly in a faulty rotor. In the paper simulation and experimental results of the sensorless IM drive with broken rotor bars are presented. Characteristic frequency harmonics of the IM state variables connected with the broken rotor bars are introduced. The low speed region and the dynamic properties of the IM drive with rotor faults are tested. The range of stable work of the control system is shown.
INTRODUCTION
Induction motor drives are the most popular in industry nowadays. Due to their low cost, reliability, and control abilities induction motors (IM) are widely used in different drive applications. On the other hand, the advanced control structures require state variable estimation [1, 2] what is more, a modern drive system should be equipped with diagnostic features to prevent damages and sudden switchoffs of complex industrial installations. Thus the incipient fault detection is recently one of the basic requirements for modern induction motor drive systems [3] . Moreover, in sensorless drives, the used state variable estimators should be robust to motor parameter uncertainties, as the stator or rotor winding faults cause changes in parameters of the motor equivalent circuit.
In the direct rotor field-oriented vector-controlled induction motor drives (DRFOC) the fault symptoms can be observed as characteristic frequencies of stator current components, rotor flux magnitude, control voltages and decoupling signals. So the monitoring of these signals can be useful from the diagnostic point of view.
In this paper an analysis of a DRFOC induction motor drive with a faulty rotor is presented with respect to direct rotor speed measurement as well as a speed sensorless operation. The rotor flux and speed are reconstructed by a
MRAS
CC estimator [4] (based on Model Reference Adaptive System concept). Both simulation and experimental results of an IM drive with broken rotor bars are presented in the paper. The characteristic frequency harmonics of the IM state variables connected with broken bars are introduced and fault symptoms are shown. The range of the stable operation of the control system with broken rotor bars of the induction motor is presented.
SHORT DESCRIPTION OF THE CONTROL STRUCTURE
The rotor flux-oriented vector control structure (DRFOC) of the induction motor drive with a direct speed measurement or speed reconstructed using MRAS CC rotor speed estimator, presented in Fig. 1 , is analyzed under faulty conditions. First the drive control structure was tested under faulty rotor conditions with a direct speed measurement. Next the influence of the broken rotor bars on the performances of the sensorless control structure was investigated.
It is well known that a signature of broken rotor bars is connected with the stator current harmonics of frequency (1 ± 2s)f s , for net supply of an induction motor. In the closed-loop control structure (DRFOC, etc.), the stator currents are determined by a control action, hence these signatures can not be directly applied. Specific signature should be found in signals available in the control structure.
The main goal of this research was an analysis of the rotor fault influence on the control signals of the Direct Rotor Flux Oriented Control structure (DRFOC) and determination of the fault signature visible in the chosen control signals. The study will enable the automatic detection of the rotor fault in the future, using e.g. neural detectors based on multilayer networks.
The other goal of the study was the application of such speed estimator that enables the stable operation of the drive even for relatively big number of broken bars. For this reason the rotor speed and flux estimator MRAS CC was used, as it is very robust to motor parameter changes, which was proved in [4, 5] . A detailed mathematical model and stability analysis of this MRAS CC estimator is shown in [6, 7] . This estimator consists of two independent models of rotor flux and stator current, which provide inputs to the speed adaptation mechanism (as shown in Fig. 2 ). The estimated speed value retunes the current flux model and stator current estimator. The induction motor is used as a reference in this MRAS and the measured stator current is compared with the estimated current obtained from the stator current model. In the simulation tests a simplified mathematical model of the induction motor with broken rotor bars was used [8] . The each rotor fault was modeled as a full broken rotor bar. All simulation tests were performed in per unit values [4] . The squirrel-cage rotor of the tested IM consists of 22 bars.
The maximum number of broken bars was 8 in simulations and the neighboring rotor bars were considered under fault.
In Fig. 3 transients of the rotor speed ω m , electromagnetic m e and load m L torques under start-up and load changes of the drive system, in the case of sudden rotor fault (at t = 1.5 s) are shown. Simulation tests of DRFOC structure with different levels of faulted motor have enabled the observation of the internal signals of a control system, what is shown in Fig. 4 .
An analysis of these internal signals of the closed-loop control structure makes possible a choice of the most suit- Fig. 3 and Fig. 4 .
In Fig. 5 the FFT spectrum of chosen signals in the DRFOC structure of induction motor drive with 2 broken rotor bars is shown for the nominal load torque of the motor. It was found that characteristic frequencies occurring in these signals do not depend on the actual rotor speed value, but are closely related to the actual load torque value and fault level.
The dependence of the frequency of the characteristic rotor fault harmonic component f u = 2sf s (where f sfrequency of supplying voltage of the motor) on the load torque value in the case of 4 broken rotor bars is illustrated in Fig. 6 . Tests were performed for two reference speeds of the motor. When the actual value of the load torque of the drive system is known, this information can be used for diagnostic purposes of the drive system. This relationship was also confirmed in the sensorless drive system operation.
Sensorless drive system operation
Next the drive system was tested in the sensorless version with the MRAS CC speed estimator. Transients of the drive system state variables under faulty conditions are demonstrated in Fig. 7 and Fig. 8 . In Fig. 7 the startup of the sensorless drive with the relatively low reference speed ω m = 0.05ω mN is demonstrated. In t = 1 s the load torque (0.2m N ) is applied. Then the following rotor faults are simulated, starting from 1 broken bar in t = 2 s, till 8 broken bars in t = 9 s. Similar test results, obtained under the full nominal load torque are presented in Fig. 8 .
In the presented signals of the drive structure, the increase of the rotor damage level is clearly visible and characteristic frequency connected with rotor fault is observed. The value of fault frequency grows, according to the increasing fault level. For the same fault level it also grows with the load torque value (see Fig. 7 and Fig. 8 ), in line with correlation presented in Fig. 6 .
Also the error between measured and estimated rotor speed raises significantly, which results from the sensitivity of the control structure and speed estimator to change of motor parameters due to the rotor fault. It should be mentioned, however, that the DRFOC structure with the proposed MRAS CC speed and flux estimator works in a stable way in the whole speed range, as shown in Fig. 9 . Despite the steady-state error increasing with the rotor fault level, the drive system does not lose stability and the speed estimator works properly, as it is less sensitive to motor parameter changes than other known speed estimators [5, 9] . Still, for the drive system operation in a very low speed region (below 0.05ω mN ) and under full load torque, the damage of a few rotor bars can result in lack of the system response to the control signals, as seen in Fig. 8 . The sensorless drive works properly in the whole speed
Fig. 11. Broken rotor bars (a) and zoom of the 8 broken rotor bars (b) using spark erosion machine
range under the nominal load torque for insignificant rotor damage -in the tested case for maximum 3 broken bars. If the number of broken rotor bars grows, some problems occur under motor start-up as well as under its operation in a very low speed region (Fig. 8 ).
Fig. 12. Experimental transients of the sensorless drive with 2 broken rotor bars under reverse operation: (a,e) reference, measured and estimated rotor speed, (b,f) speed estimation error, (c) hodograph of the rotor flux vector, (d) stator current components
i sx , i sy ; m L = 0.1m N (a-d), m L = 0.5m N (e-h); ω m = 0.1ω mN
EXPERIMENTAL RESULTS
Experimental test of the DRFOC drive system with healthy and faulty motor were performed in the laboratory set-up equipped with a PC computer and DS1103 card, using the dSPACE software. The schematic diagram of the experimental test bench is displayed in Fig. 10 .
The experimental set-up is composed of an IM motor (with changeable rotors) fed by an SVM-voltage inverter. The motor is coupled to a load machine. The driven motor has the nominal power of 1.5 kW. The speed of the drive is measured by an incremental encoder (36000 imp./rev), only for the comparison with the estimated speed in the sensorless drive system. The stator current is measured with LEM LA25 transducers. The control and estimation algorithms are implemented in the DS1103 card.
In Fig. 11 the illustrations of the squirrel cage rotor with damaged rotor bars of are shown. These rotor bars were cut with the use of the spark erosion machine.
In the next figures experimental transients of the drive system with faulty motor (with 2 broken rotor bars) are presented for low reference speed values.
It should be noticed, that even such incipient fault level, as seen in the submitted figures, enables the proper conclusion on the drive system condition. The significant speed estimation error is visible after load torque change and the characteristic frequency harmonic component caused by the rotor fault can be detected in the rotor speed and torque component of the stator current. The influence of the load torque change on the operation quality of the sensorless drive with a faulty induction motor is demonstrated in Fig.  12 . The estimation error between the measured and estimated rotor speed grows significantly, according to the increase of the load torque value (Fig. 12 e-h ). On the other hand, the decrease of the load torque causes the expected change in the fault frequency as well as a lower speed estimation error (as in Fig.13 ).
Experimental results obtained for the sensorless drive with a MRAS CC estimator and faulty induction motor confirm simulation results. The steady-state speed estimation error can cause some problems in the drive start-up, especially for the low speed region. But due to fault signature, which can be observed in some internal signals of the control structure, even incipient rotor fault (1 or 2 broken rotor bars) can be detected by a suitable diagnostic procedure.
CONCLUSION
The presented simulation and experimental results show the possibility of stable operation of the sensorless DRFOC drive system with faulted rotor only, when the suitable speed estimator is used. The application of MRAS CC rotor speed and flux estimator [8, 9] enables such operation of the control structure.
Selected internal signals of such a control structure can be used as fault signatures for diagnostic purposes. If the fault frequency f u harmonics are detected in these signals, the fault severity is possible even for one broken rotor bar.
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